The hydrogen adsorption, kinetic and thermodynamic of adsorption onto the zeolite templated carbon (ZTC) 30, 40 and 50 °C were -1.99, -1.59 and -1.19 kJ/mol, respectively, indicating a spontaneous adsorption process. 
■ INTRODUCTION
Hydrogen is a clean alternative fuel as its main product from the burning process is only water. Moreover, hydrogen is the highest element up to 75% from the normal mass of earth, and thus it can be employed as prosperous sources for hydrogen fuel generation [1] . Hydrogen also has almost three times higher of energy content (33 kWh/kg) as compared to the gasoline (12 kWh/kg) [2] . Therefore, research efforts have been actively pursued to utilize hydrogen for fuel cell vehicles.
In addition to high energy density and its availability, the hydrogen storage system including volume, weight, safety and the reversibility of hydrogen adsorption rate should be concerned [2] . The conventional hydrogen storage systems are compressed hydrogen tank or liquefied hydrogen. However, it has a safety risk due to high pressure and low temperature system [3] . More recently, the main concern of research has been focused on solid state porous materials to meet the United States Department of Energy (DOE) onboard storage target due to its high densities of both gravimetric and volumetric at lower pressure. The DOE ultimate targets for storage density at or close to ambient condition are 7.6 wt.% (gravimetrically) and 0.07 kg/dm 3 (volumetrically), respectively [1] [2] Recently, hydrogen storage system in solid state porous materials, for instance, carbons, zeolites or metal organic frameworks, is attractive because of their advantages such as fast adsorption kinetics, high cyclability, and reversibility of hydrogen uptake and release [4] [5] .
Among of these porous materials, carbon-based materials received a lot of interest since it has a high gravimetric and volumetric densities, high thermal and good chemical stability [4, [6] [7] . The amount of hydrogen uptake in carbon materials reached up to 11 wt.% [8] . Hydrogen can be adsorbed reversibly in the carbons by physisorption process at ambient temperature. Based on physisorption, the physical properties including pore size, specific surface area, and micropore volume seriously affect the hydrogen capacity [9] [10] [11] . Carbons possess some superiorities such as a large surface area up to 3500 m 2 /g, lightweight and easy to modify the pore structure [1] . Yet, the main drawback for carbon materials in the storage system is its wide pore size distribution [7, 10] . Hence, the pore structure of carbons should be modified in order to enhance adsorption capacities. The templated method could be an excellent way to gain a new carbon porous materials with a large surface area up to 4000 m 2 /g, and controlled porosity reached 1.6 cm 3 /g for hydrogen storage purpose. Yang et al. [12] reported that templated carbon exhibited the highest storage capacity than the other materials, such as zeolites, carbon nanotubes, metal organic frameworks, and organic microporous polymer. It is found that a high microporosity and specific surface area of carbons provide a linear relation with hydrogen adsorption capacity [12] [13] .
The choice of materials such as carbon precursor and the inorganic template is being a major factor contributing to the carbon structure [7, [14] [15] . The inorganic templates widely used for templated carbon include zeolite, silica, Metal Organic Framework (MOF) and layered clay. Zeolite and MOF used as template result in microporous carbon with large surface area and well-defined porous structure. However, the synthesis of MOF template needs a lot of time and results in low yield. On the contrary, a silica template is employed to prepare mesoporous carbon. Also, the resulting carbon with low surface area and high graphitization degree are obtained by using a layered clay template. However, a porous material is suited for application in gas adsorption; thus, zeolite exhibits outstanding potential template material to fabricate microporous carbon. There are several studies of templated carbon materials synthesized using various carbon sources or different zeolite type templates. Zeolites have ordered pores and channels; therefore they can be more appropriate to synthesize carbon with micropore structure for hydrogen storage purpose [11, 16] .
Kyotani et al. [15] synthesized templated carbon via a combination of two methods (furfuryl alcohol by impregnation and propylene via CVD) using a different type of zeolite (zeolite-Y, L, β, mordenite, and ZSM-5) as templates. The regularity of the carbon using zeolite-Y was much better than other zeolites such as superior surface area (2750 m 2 /g) as well as perfect microporosity (1.5 cm 3 /g). Templated carbons using different zeolite (13-X and Y) and acetonitrile have also been prepared by Yang et al. [17] . Carbon with zeolite-Y template exhibited 21% larger surface area and 263% higher micropore volume than that of zeolite-13X. As reported by Johnson et al. [18] , pyrolytic carbon synthesized in the channel of zeolite-Y was preferable since it has three dimensionally interconnected micropore structure. On the other hand, Yang et al. [17] also prepared carbon material using different carbon sources (acetonitrile or ethylene) and zeolite-Y as hard template. They investigated that carbon with acetonitrile and zeolite-Y had a surface area ranging from 1910 to 1920 m 2 /g, micropore volume of 0.1 to 0.5 cm 3 /g and significantly obtained ordered carbon structure. When ethylene was employed as carbon source, the surface area and micropore volume of the ZTC reached to 1300 m 2 /g and 0.2 cm 3 /g, respectively, obtained ordered not only carbon but also a high amount of graphitization. It is believed that hydrogen uptake capacity linearly relates to the surface area and microporosity. Therefore, it can be controlled by material selection.
In addition to the porosity of materials, hydrogen uptake in the adsorptive system is directly related to the operation conditions [6] . For hydrogen storage system, carbon materials would be more appropriate when they could adsorp at or near to room condition, as described by the DOE [1] . Several researchers have reported the hydrogen storage capacity of ZTC at a temperature of -196 °C [11] [12] 17, 19] . Hydrogen uptake capacity at ambient temperature (30 °C) has been reported by Nishihara et al. [20] for zeolite templated carbon. They investigated the small amount of hydrogen sorption in the range of 0.41-0.87 wt.% at high pressure of 98 bar. Whereas, the hydrogen uptake capacity on SWNTs at ambient pressure (1 bar) and temperature of < 40 °C was reported by Hirscher et al. [21] , and the capacity obtained was 1.8 wt.%. Moreover, the ZTC's performance at or close to room temperature and pressure is still unknown. Therefore, in this work, we examine the hydrogen uptake performance at or close to ambient temperature and pressure.
In addition, to provide an understanding of the adsorption mechanism, the kinetic study of hydrogen adsorption would be necessary [22] . Zamora et al. [22] studied the kinetic hydrogen adsorption on the composite comprising TiNT decorated with Cd3Fe III by implementing the intra-particle diffusion model. Furthermore, thermodynamic aspects such as enthalpy, entropy, and Gibbs free energy are other main factors to be considered in the adsorption process in order to determine the feasibility of ZTC for H2 storage purpose. The change of enthalpy provides the information of binding strength between gas molecules and adsorbent and to explain the influence of temperature in the adsorption process [4] . Based on DOE's target, the desired enthalpy value of hydrogen uptake under room conditions is between 15 to 25 kJ mol -1 for reversibly hydrogen storage [23] . However, the standard heat of hydrogen adsorption on carbon (active carbon or carbon nanotube) is only 6 kJ/mol, and it is too weak to adsorp hydrogen at ambient temperature which was investigated by Myers et al. [23] .
The goals of the present work were to report the amount of hydrogen adsorption on templated carbon at or near to room temperature (30, 40 and 50 °C) and ambient pressure by both gravimetric and volumetric methods. Templated carbon was prepared by utilizing zeolite-Y template with sucrose as a carbon precursor by a simple impregnation method. Sucrose is a small organic molecule and contains high carbon yield which is widely used as a precursor to prepare microporous carbon [12, 15, 23] . Most of the experiment has been conducted on hydrogen storage materials, yet the kinetic and thermodynamic studies are scarce in this field. In this investigation, the kinetic study was analyzed in terms of the pseudo-first and second order as well as the intraparticle diffusion model to provide deeper insight for mechanisms of hydrogen adsorption. The thermodynamic aspects including the heat of adsorption, the Gibbs energy, and the entropy change were also determined in order to evaluate the feasibility of templated carbon as storage system of hydrogen.
■ EXPERIMENTAL SECTION

Materials
The materials used were sodium aluminate powder (NaAlO2, 95.45%) and sodium silicate (Na2SiO3) provided by Sigma Aldrich, sodium hydroxide pellet (NaOH) purchased from Merck, sucrose (C12H22O11 98% Fluka), sulfuric acid (H2SO4 98% pa), fluoric acid (HF, 48%) provided by Merck, hydrochloric acid (HCl, 37% SAP), deionized water, ultra-high purity N2 (99.99%) and H2 gas (99.99%).
Instrumentation
X-Ray Diffraction (XRD) diffractograms were recorded by Expert PAN Analytical using radiation of CuKα (λ = 0.154 nm at 40 kV and 30 mA). To identify the crystal phase and crystallinity of the ZTC, the X-ray diffractograms were determined in the range of 3-50°. Physical properties of the zeolite-Y and ZTC were determined via N2 sorption at -196 °C using a Quantachrome Autosorb-1. The powders were degassed at 250 °C in vacuum for overnight prior to the analysis. The Brunauer-Emmett-Teller method at P/P0 between 0.04 to 0.31 was used to determine the specific surface area. While the total pore volume (Vt) of the sample was estimated from the amount of N2 adsorbed at P/P0 0.993, and the micropore volume was calculated using Saito Foley (SF) method. Pore size distribution (PSD) of samples was determined from the N2 isotherm using Horvath-Kawazoe (HK) theory with the assumption of slit pore shape and Barrett-Joyner-Halenda (BJH) method. The morphology analysis for zeolite-Y and ZTC was performed by scanning electron microscope (SEM, ZEISS EVO MA 10). Transmission Electron Micrographs were collected with H9500 at 200 kV acceleration voltage to identify the structure of samples.
Procedure
Synthesis of zeolite-Y template
Zeolite-Y was synthesized using sodium aluminate (Sigma-Aldrich, 13404-5KG-R), sodium silicate (SigmaAldrich, 338443-3L), NaOH (99% pa, Merck, 011-022-00-6) and deionized water as source materials. Zeolite-Y was made through three steps: seed gel, feedstock gel and overall gel [24] . The molar composition of seed gel was 10.67Na2O:1Al2O3:10SiO2:180H2O and the molar ratio of feedstock to seed gel was 18:1. The adding of seed gel to feedstock gel formed an overall gel and subsequently subjected to the hydrothermal process at 100 °C for 7 h. The sample obtained was flowed by deionized water to get neutral pH of filtrate and subsequently dried at 110 °C for 12 h. Prior further treatment, the zeolite-Y sample was pretreated at 200 °C for 4 h in flowing nitrogen.
Synthesis of zeolite-Y templated carbon (ZTC)
The ZTC was synthesized from zeolite-Y template and sucrose (98% Fluka) by impregnation method as presented in Fig. 1 . The detailed procedure of ZTC synthesis is described as follows:
The sucrose was dissolved in 0.35 M H2SO4 at room temperature, then the pretreated zeolite-Y was added to this clear solution. Based on our previous study, the optimum ratio of sucrose to zeolite-Y was 1.25 (wt.%). The solution was stirred for 72 h at ambient temperature and then filtered, followed by carbonization treatment in a tubular furnace under N2 atmosphere. The carbonization process was conducted to the fixed temperature of 800 °C for 4 h dwelling time by a heating rate of 2 °C/min according to the best result in our preceding study. The resulted of the black composite was
Fig 1.
Schematic of preparation procedure of zeolite templated carbon cooled until room temperature using N2 stream and then washed by three steps of acid to remove the zeolite-Y template. (1) The composite was treated with 5% HF solution at ambient temperature for 1 h to break the Si-OAl bond of template. The sample was washed using deionized water insistently to obtain a neutral pH of filtrate and dried at 110 °C for 12 h. (2) Then, the sample was immersed in 37% HCl via reflux at 60 °C for 1 h to remove aluminum of zeolite framework, subsequently filtered and washed by deionized water and followed by drying for 12 h at temperature of 120 °C (3). In addition, the solid sample was soaked in 48% HF solution for 1 h for removal of silica content from zeolite template. The sample was then washed by deionized water to get a neutral pH of filtrate, then a residue of sample known as zeolite templated carbon (ZTC) was dried during 12 h at 120 °C.
Hydrogen adsorption test
The amounts of hydrogen uptake on the ZTC were determined in a custom-fabricated packed-bed adsorption system using volumetric, pressure and temperature measurement in equilibrium conditions by static adsorption procedure adopted from other studies [25] [26] . The fixed bed adsorption unit was used at static mode to collect single gas adsorption data presented in Fig. 2 . The adsorption apparatus was made using stainless steel tubing and proper Swagelok fittings. The cell was placed in a well-insulated furnace to control the temperature, pressure, and volume in equilibrium state for single gas uptake. The hydrogen sorption capacity was measured at different temperature of 30, 40 and 50 °C. Prior to the adsorption test, the adsorbent was dried in-situ at 105 °C for 1 h. The gas presented in the adsorption cell was purged using a vacuum pump before to start the test. Digital pressure transducer and thermocouple put axially in the middle of the adsorption cell to observe the temperature of cell continuously.
An adsorption cell was filled with 1.5018 g adsorbent. The adsorption was conducted at a temperature of 30, 40 and 50 °C (± 3 °C) using the single sample weight. Prior passing the hydrogen to the adsorption cell, the gas pressure of the loading cell was set at the equilibrium of 2 bar as an initial value, and then gas was flowed into the adsorption cell by opening the connecting valve at the target temperature. Pressure and temperature measurement of both cells were monitored to obtain the amount of hydrogen adsorbed. The pressure of loading (Pl) and adsorption (Pa) cell measured were recorded until the equilibrium conditions were obtained. Adsorption equilibrium is achieved when the operating conditions (temperature and pressure) were constant. The amount of hydrogen uptake was determined using the mass balance through both cells in terms of temperature and pressure recorded at initial and equilibrium condition, according to the Eq. (1) [26] :
in which the pressure is P, the temperature is T, the gas constant is R, the adsorption cell is a, the adsorption cell volume is Vv, the compressibility factor is Z, the loading cell is l, the loading cell volume is Vl, i and eq represent the initial and equilibrium state, respectively; and the adsorbent mass is m. The hydrogen sorption was also performed using the gravimetric method (Fig. 3) as follows. Prior to the experiment, the ZTC was dried at 105 °C during 1 h and then degassed by a heating rate of 3 °C/min to 350 °C for 3 h. The pretreated sample (0.3 g) as initial mass was then cooled to the adsorption temperature. The adsorption process was conducted over the temperature 
where mt is the mass at t min and m0 is the initial mass.
Kinetics data analysis
Adsorption kinetic models of the pseudo first order, pseudo-second order, and intraparticle diffusion were determined to investigate of hydrogen sorption mechanism onto ZTC [25, 27] . The pseudo first-order model is generally applied for the adsorption process, expressed by Eq. (3).
where qt (mmol/g) is the amount of hydrogen adsorbed at time t (min), qe (mmol/g) is the adsorption capacity at equilibrium state, kf (min -1 ) is the rate constant of pseudofirst order. After integrating at boundary conditions qt = 0 at t = 0 and qt = qt at t = t, yields the Eq. (4). 
The pseudo second-order model is defined in Eq. (5).
( )
in which ks (g mg -1 min -1 ) is pseudo-second-order rate constant. This can be integrated by using the initial conditions of qt = 0 at t = 0 and qt = qt at t = t and the equation
A straight line with slope 1/q will be obtained from a plot between t/qt and t when adsorption mechanism fits this kinetic model. The equation of intra-particle diffusion is given as follows:
1/2 t id q k t C = + (7) where kid (mmol g -1 min -0.5 ) is the rate constant, t is time (min). The values of kid and C can be calculated experimentally through the slope and intercept of qt versus t 1/2 , respectively. An intercept value of C indicates the thickness of the boundary layer, in which the bigger value of C, the greater effect for the boundary layer.
Thermodynamic study
The adsorption enthalpy (ΔH) and entropy (ΔSH) change of hydrogen adsorption are calculated from the graph between ln P versus 1/T based on the Van't Hoff equation [22] :
in which ΔH in kJ mol -1 and ΔSH in J K -1 mol -1 . T is temperature (K), p is pressure at constant equilibrium uptake (bar), and R is the gas constant (J mol -1 K -1 ). The slopes of the straight line give the value of 2ΔH/R, and the intercepts give the value of -(2 ΔSH/R).
The Gibbs energy (ΔGads) value is commonly calculated by the following equation:
in which ΔGads in kJ mol -1 .
■ RESULTS AND DISCUSSION
XRD Analysis
The X-ray diffraction patterns of zeolite standard and zeolite-Y obtained are presented in Fig. 4(a) and (b) , respectively. It could be seen that the diffraction patterns and intensities for zeolite-Y obtained were similar to the standard data of JCPDS No.: 39-1380. This clearly indicated that the zeolite-Y prepared using NaOHNaAlO2-Na2SiO3-H2O system was successfully formed. These peak patterns have still appeared in the diffraction peaks for composite sample, but these peaks slightly shifted to the higher angle, as shown in Fig. 4(c) . The shift of the peaks might be due to the shrinkage of the zeolite framework after carbonization process [28] . Furthermore, these diffraction peak intensities were also decreased as compared to the zeolite-Y, suggesting that the carbon might be in the surface of the template [29] .
The peak patterns of the ZTC obtained are demonstrated in Fig. 4(d) . This sample exhibited XRD peak around 6.05°, close to those of parent zeolite-Y (~6.14°). This indicated that there was a regular ordering of pore structure for carbon sample, corresponding to the (111) peak of template [11, 30] . Furthermore, a broad peak centered around 2θ = 25° was appeared with low relative intensity and also observed in zeolite templated carbon by other studies [12, 30] . This peak suggests the formation of amorphous graphitic carbon (002) plane due to the stacking graphene nanosheets outside zeolite micropore. This stacking graphene may be formed due to the presence of carbon deposition in the pore mouth of zeolite upon the carbonization process, therefore, obstructing access of sucrose into the zeolite [11] . It can be concluded that ZTC in this study kept some pore structure ordering of zeolite and also produced the graphitic carbon.
SEM and TEM Observation
The SEM analysis for zeolite-Y and ZTC were presented in Fig. 5(a) and (b) , respectively. Zeolite-Y image as shown in Fig. 5(a) exhibited a clear crystal face from each particle. The shape morphology for zeolite-Y was partially replicated in the ZTC sample (Fig. 5(b) ), indicating that the ZTC did not fully retain the morphology of the template. A few aggregates of the amorphous graphitic structure was observed in the ZTC sample, which was in accordance with the XRD result. The particle size of ZTC was up to 500 nm, smaller as compared to the zeolite-Y template due to the particle shrinkage during the carbonization process. The particle shrinkage might be due to the shrinkage of the zeolite template as confirmed by the XRD observation [28] .
The TEM images for the zeolite-Y, zeolite-carbon composite and ZTC samples are shown in Fig. 6 . The octahedral morphology for zeolite-Y is similar to the Fig. 5 with the measured particle size up to 1000 nm. However, a diffused ring in the SAED pattern of ZTC (inset of Fig. 6(c) ) suggests that the amorphous structure is observed, which is similar to XRD and SEM analysis [31] . The diffraction ring can be attributed as a thin and dense graphitic carbon, indicating carbon (002) layer around the external surface of zeolite-Y particles (Fig. 6(c) ) [32] [33] . The graphitic shell thickness was ranging from 15-50 nm (black arrow region).
Textural Properties of the Sample
The textural properties of zeolite-Y and ZTC such as BET surface area, micropore, and mesopore volume were obtained using their adsorption isotherm ( Fig.  7(a) ) and the values were presented in Table 1 . As seen from the figure, the adsorption isotherm for the zeolite-Y template was a typical type I isotherm, indicating a microporous material for zeolite sample. On the other hand, the existence of desorption hysteresis in the ZTC sample suggested the mesopores characteristic. The mesopore structure might be attributed by (1) the unfilled region of carbon due to incomplete filling of sucrose to the template pore channels and/or (2) the shrinkage of zeolite-carbon during the carbonization due to the oxygen rich of sucrose resulting in the large amount of gaseous species such as CO2 and H2O [12, [33] [34] . Furthermore, we have used HK method by assuming slit pore geometry to evaluate micropore size (below 2 nm) distribution and BJH method to analyze the mesopores above 2 nm of the zeolite-Y and ZTC, as shown in Fig.  7 (b) and (c). It can be seen that the as-synthesized ZTC exhibits a sharp peak around 0.7-1.5 nm (Fig. 7(b) ), indicating the presence of micropores of the ZTC and the size distribution of the ZTC is sharper than the zeolite-Y. In addition, the BJH method ( Fig. 7(c) ) confirms the presence of mesopores in the ZTC around 3-23 nm. The mesopores were attributed to the amorphous graphitic carbon, covering the ZTC particles. The BET surface area, total pore volume and micropore volume of ZTC in this study were 932 m 2 /g, 0.97 cm 3 /g, and 0.3 cm 3 /g, respectively. Konwar and De [29] also reported the ZTC synthesis materials with zeolite-Y and sucrose, the highest BET surface area, total pore volume, and micropore volume were 1033 m 2 /g, 0.676 cm 3 /g, and 0.293 cm
Hydrogen Adsorption Study of ZTC
The process of hydrogen adsorption on carbons is governed by physisorption and preferably occurs at a lower temperature [34] [35] . However, it is greatly desirable for adsorbent materials that adsorb hydrogen at or near room temperature for its application to meet the DOE target for the hydrogen storage system. (Fig. 8) were studied in the present work. Highest hydrogen sorption was obtained at the lowest temperature of 30 °C with 1.72 wt.% storage. It could be occurred since physically adsorption take places in the interaction between hydrogen molecules and carbon material on van der Waals force. At low temperature, the thermal motion energy of hydrogen was in accordance with the van der Waals force, leading to the stronger interaction [36] . The electronegativity between carbon and hydrogen as an atom has a low range, and therefore, the bonding has a weak dipole moment and keep their characteristics when the adsorption process occurs. Comparing the adsorption of ZTC with data available in the previous literature is presented in Table 2 . In this study, the hydrogen adsorption capacities were quite low. It could be attributed with a low quantity of micropore volume, resulting to the low interaction energy between pore walls and hydrogen molecules in the narrower pores and less accessible adsorption sites for hydrogen molecules [19] .
In order to confirm the hydrogen sorption gravimetrically, adsorption was also conducted using the volumetric determination of the prepared ZTC. The hydrogen uptake capacities performed by the volumetric method were 5.81, 5.68 and 5.64 mmol/g or equal to 1.16, Hydrogen uptake is measured via volumetric method 1.14 and 1.12 wt.% at 30, 40 and 50 °C (± 3 °C) and 2 bars, respectively. A slightly different result of the hydrogen adsorption capacity obtained between the two techniques due to a small difference in operating pressure. At low pressure, hydrogen prefers to occupy the position at the adsorbate-pore interaction. Therefore, the density of hydrogen is highest in the smaller pores (micropores) [37] . At a temperature of 30, 40 and 50 °C, this calculated hydrogen adsorption capacity is equal to a volumetric density of 17.43, 17.04 and 16.92 g/L, respectively. Furthermore, the volumetric density values reported in this study were much lower to the ultimate DOE target of 70 g/L. The performance of adsorption can be improved on the control of the surface area and micropore volume via synthesis conditions. Another attempt of improving the hydrogen capacity is chemically surface modification of carbon to enhance the interaction with hydrogen.
Adsorption Kinetics Study
In order to determine the adsorption mechanism, the kinetic study of hydrogen adsorption would be indispensable. Three kinetic models in terms of pseudofirst and second order, as well as intra particle diffusion model, were tested to fit with experimental data.
Pseudo first order model
This equation is proposed to explain unsteady state adsorption in porous material [38] . The pseudo first order kinetic plots between t and ln (qe-qt) of hydrogen sorption at 30, 40 and 50 °C by ZTC were presented in Fig. 9 . The parameter values calculated from fitting the Table 3 . As can be seen, the increasing temperature at constant pressure leads to a lower rate constant kf value. This showed that a lower temperature leads to a higher amount of hydrogen adsorbed. For all samples, the correlation coefficients (R 2 ) for this kinetic model were clearly poor. It was also observed that the calculated adsorption capacities (qe) at three samples deviated to the experimental values in Fig.  8 . These indicate that the adsorption mechanism of hydrogen into ZTC could not be characterized by this kinetic model.
Pseudo second-order model
This kinetic model is assumed that linearity exists between adsorption capacity with the presence of active sites in adsorbent [39] . Fig. 10 showed the slope and intercept plots of time t and adsorbed capacity qt, while the values were presented in Table 3 . It showed a higher adsorption rate for a lower temperature and the correlation coefficient (R 2 ) values calculated were well at the whole condition. The calculated adsorption capacities were also close to the experimental data in Fig. 8 . It can be summarized that the hydrogen adsorption process at all studied temperatures were best approximated to this kinetic model.
Intra particle diffusion model
In this study, this model is used to identify diffusion for adsorption process. By plotting of qt versus t 0.5 in Fig.   11 , the qe and the rate constant values can be calculated. Such plots showed double linearity region that indicates two steps of the adsorption process. The first step line is attributed to the hydrogen diffusion through an external surface or boundary layer of ZTC, and the other line relates to the internal surface diffusion (micropore or mesopore diffusion). During the adsorption process, hydrogen diffusion was very fast in the early step and subsequently slow diffusion over the internal surface (Fig. 11) . The thermodynamic aspects (Fig. 12 ) provide a conceptual insight of the adsorption mechanism of the adsorption process. As presented in Table 4 , the ΔG and ΔH values were negative which indicate a spontaneous and exothermic process, respectively [40] . The ΔH value obtained was much smaller than 80 kJ mol -1 (14.41 kJ mol -1 ), indicating a physical adsorption process of hydrogen into ZTC [22, 26] . Such ΔH value was significantly larger than that shown by other studies [12, 18] . The material which is able to adsorp the hydrogen at room temperature possess a heat of adsorption change value of 15.1 kJ/mol, which is very close with the value in this study [23] . The small of ΔG value together with the high temperature revealed that the adsorption is more efficient or spontaneous at a lower temperature. Small randomness in the interface of ZTC and hydrogen during the adsorption process was revealed by the negative value of ΔSH (-40.93 J K -1 mol -1 ).
■ CONCLUSION
In summary, a zeolite templated carbon (ZTC) was successfully synthesized via carbonization and investigated their hydrogen uptake properties. Such material is principally amorphous with a surface area of 932 m 2 /g, total pore volume of 0.97 cm 3 /g and exhibits well pore ordering structure derived from the template as well as some graphitic carbon. The ZTC obtained was tested for hydrogen storage at a temperature of 30-50 °C and its capacity was greatly dependent with temperature condition. Greater hydrogen uptake was observed at lower temperature and pressure of 1 bar as high as 1.72 wt.%. This value was close to the calculated adsorption capacity by volumetric method as high as 1.16 wt.% at 2 bar, similar to a volumetric density of 17.43 g H2/L. The calculated value here was much lower to the ultimate DOE target of 7.5 wt.% and 70 g H2/L. Therefore, preparing method here should be improved to obtain a significant proportion of micropores or even ultramicropores, which is contributed to higher H2 uptake. The kinetic models showed that pseudo second order kinetic model best fitted for all adsorption condition. The thermodynamic aspects such as enthalpy and entropy change were 14.41 kJ mol -1 and -40.93 J K -1 mol -1 , respectively. A small value of the enthalpy described the physical adsorption process and found to be exothermic as confirmed by a negative sign of the enthalpy. The change of entropy was negative indicating decreasing randomness at the ZTC and hydrogen interface during physisorption process. The process occurred spontaneously as indicated by the negative Gibbs free energy change values. This value decreased by high temperature, indicating less effective of the adsorption process.
According to the results above, it can be said that ZTC is an attractive material for hydrogen storage and deserves further study in order to achieve better performance of adsorption.
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